The incidence of skeletal-related events in combined group was numerically lower than that in EGFRTKIs alone group (29.7% vs. 39.4%, P = 0.147). In multivariate analysis, EGFR mutation was found to be a significant independent prognostic factor for OS in NSCLC patients with BM (HR = 0.710, P = 0.021). In conclusion, EGFR mutation was the significant independent prognostic factor for OS and the addition of bisphosphonates to EGFR-TKIs could enhance the antitumor effect of EGFR-TKIs in patients with EGFRmutant NSCLC and BM.
Scientific RepoRts | 7:42979 | DOI: 10.1038/srep42979 of skeletal complications and generally recommended in patients with BM. In the preclinical studies, bisphosphonates exerted anti-tumor effects in NSCLC, including the inhibition of tumor cell proliferation, invasion, angiogenesis, and micrometastasis [14] [15] [16] [17] . Furthermore, preclinical data also showed that bisphosphonates could enhance the inhibitory effects of EGFR-TKIs on NSCLC with EGFR mutation both in vitro and in vivo 18 . In clinical setting, a retrospective study with a small cohort of 62 cases found that bisphosphonates plus EGFR-TKIs had statistically significantly longer progression-free survival (PFS) and OS than EGFR-TKIs alone (median PFS: 15.0 vs 7.3 months, P = 0.03; OS: 25.2 vs 10.4 months, P = 0.0015) 19 . However, this study could just present a clue of bisphosphonates on EGFR TKI due to the limited cases and larger cohorts study is needed to further validate the role of bisphosphonates in patients with EGFR mutant NSCLC and BM.
Thus, we analyzed this large cohort of 1560 patients with BM and advanced NSCLC to investigate whether bisphosphonates affect the outcome of first-line EGFR-TKIs therapy in Chinese NSCLC patients with EGFR mutation and BM. Meanwhile, we also assessed the role of bisphosphonates in advanced NSCLC patients who receiving chemotherapy as the first-line setting. In addition, the epidemiology and clinical characteristics of NSCLC patients with BM were analyzed.
Results
Patients characteristics. A total of 2975 NSCLC patients with M1b stage were initially identified and 1560 NSCLC patients with BM enrolled into further analysis in this study from February 2012 to May 2015 (Fig. 1 ). Of them, 552 patients detected EGFR mutation status and 356 patients (64.5%) had EGFR mutations. 94 of the patients with EGFR mutations received EGFR-TKIs alone as first-line treatment and 111 of them received EGFRTKIs plus bisphosphonates as first-line treatment. The clinical characteristics of the study population were summarized in Table 1 . In brief, 264 (47.8%) were female and 288 (52.2%) were male patients were included, and the mean age was 60 years. Most of them were never smokers (71.7%), adenocarcinoma (88.2%) and had performance status of ECOG ≤ 1 (91.3%).
Epidemiology of NSCLC patients with EGFR mutation and BM. 552 patients underwent the EGFR detection (Fig. 1) . There are 295 (53.4%) patients with EGFR common mutations including 143 (25.9%) patients with EGFR 19DEL and 152 (27.5%) patients with EGFR L858R. 61 patients had EGFR rare mutations. The major clinicopathological characteristics of the 552 patients with EGFR mutation tested are presented in Supplementary Table S1 . The average age of patients with EGFR common and rare mutations were 59.9 and 58.1 years (P = 0.242). EGFR common mutations in NSCLC patients with BM were significantly associated with never-smoking, female gender and histology of adenocarcinoma (P = 0.000, P = 0.000, P = 0.000; respectively). EGFR rare mutations were significantly associated with female gender (P = 0.000) but not never-smoking and histology of adenocarcinoma (P = 0.061, P = 0.060; respectively). The major clinicopathological characteristics of all included BM patients are listed in Table 1 .
The efficacy of different therapeutic groups. In EGFR mutation group, 94 patients with BM received EGFR-TKIs and 111 patients received EGFR-TKIs plus bisphosphonates ( PFS: 11.6 vs. 9.3 months; HR = 0.68, 95% CI 0.49-0.90, P = 0.009) ( Fig. 2A) . However, OS was similar in two groups (median OS: 20.5 vs. 19.5 months; HR = 0.95, 95% CI 0.68-1.32, P = 0.743) (Fig. 2B) . The incidence of skeletal-related events in combined treatment group was numerically lower than that in EGFR-TKIs alone group (29.7% vs. 39.4%, P = 0.147). Chemotherapy plus bisphosphonates showed similar PFS (median PFS: 5.5 vs. 5.6 months; HR = 0.99, 95% CI 0.76-1.31, P = 0.993) and OS (median OS: 13.7 vs. 13.6 months; HR = 0.93, 95% CI 0.72-1.22, P = 0.618) than chemotherapy alone (Fig. 3A,D) in patients with NSCLC and BM. In the advanced NSCLC patients with EGFR mutation and BM who received chemotherapy as the first-line setting, the median PFS and OS were similar in both groups (median PFS: 6.4 vs. 7.2 months, HR = 1.09, 95% CI 0.71-1.72, P = 0.674; median OS: 15.5 vs 14.1 months, HR = 0.84, 95% CI 0.56-1.25, P = 0.384) (Fig. 3B,E) . Among the patients with EGFR of wild type and BM at the initial diagnosis, 66 of them accepted chemotherapy and 83 patients accepted Univariate and multivariate analysis on overall survival. In univariate analysis of 552 patients with BM, patients without SREs had significantly better OS than those with SREs (HR = 0.764; 95% CI, 0.382-0.921; P = 0.044). Patients with ECOG PS 0-1 had significantly better OS than those presenting with ECOG PS > 1 (HR = 0.352; 95% CI, 0.179-0.811; P = 0.018) ( Table 2 ). No significant difference was found in OS based on age (HR = 0.798, P = 0.263), smoking history (HR = 0.921, P = 0.255), histology of adenocarcinoma (HR = 0.898, P = 0.449), number of BM (HR = 0.889, P = 0.983) and extra-bone metastasis (HR = 0.545, P = 0.289) ( Table 2) . Of note, patients with EGFR mutation had significantly better OS than those with EGFR wild type (HR = 0.632; 95% CI, 0.497-0.805; P = 0.003). In multivariate analyses, ECOG PS remained the independent predictors of OS. BM patients with EGFR mutations had a significantly lower risk of death than those without (HR = 0.710; 95% CI, 0.597-0.913; P = 0.021) ( Table 2) .
Discussion
To our best knowledge, the current study is the first large-scale observational study to investigate the epidemiology and role of the third-generation bisphosphonates in NSCLC patients with BM. 1560 NSCLC patients with BM were included into this study and 552 cases entered the epidemiological analysis of EGFR mutation and survival analysis. We found that EGFR mutation was a significant independent prognostic factor for OS in BM patients with NSCLC. More importantly, the addition of bisphosphonates to EGFR-TKIs had longer PFS, while similar OS than TKIs alone in BM patients with EGFR mutations. However, bisphosphonates showed no additional PFS or OS benefit when combined with chemotherapy as the first line setting in patients with NSCLC and BM. Bisphosphonates are the frequently used for preventing SRE in NSCLC patients with BM 5,7 . Several preclinical studies found that bisphosphonates could enhance the effects of EGFR-TKIs on EGFR mutant NSCLC both in vitro and in vivo 18, 20 . In clinical setting, a small cohort study with limited cases also showed that EGFR-TKIs plus bisphosphonates could significantly prolong PFS and OS in patients with EGFR mutant NSCLC and BM than those received EGFR-TKIs alone as the first-line therapy (PFS: 15.0 vs 7.3 months, P = 0.03; OS: 25.2 vs 10.4 months, P = 0.0015) 19 . In line with these studies, the present study also found that EGFR-TKIs plus bisphosphonates could prolong PFS than EGFR-TKIs alone (mPFS: 11.6 vs 9.2 months, P = 0.006). As we know, bisphosphonates can inhibit ERK1/2, AKT and signal transducer and activator of transcription 3 (STAT3) activation, which was also the direct downstream pathway of EGFR. Thus, bisphosphonates could have a synergetic mechanism with EGFR-TKIs 18, 20 . The other possible explanation might be that the incidence rate of SREs in the TKI + BP group was numerically lower than it in the TKI group, which will contribute to a superior PFS in TKI + BP group since SREs are associated with poorer prognosis in patients with NSCLC and BM. However, OS was similar between two groups. In the past few years, dramatic improvement has been achieved for patients who get acquired resistance of EGFR-TKI due to the implementation of novel therapeutic strategies such as local therapies, anti-angiogenesis and third-generation EGFR-TKI. The patients enrolled into this study were chronological later than the patients in the previous study 19 . Thus, the treatment beyond the disease progression of EGFR-TKI might contribute the discrepancy.
Systemic chemotherapy is still the main therapeutic choice for advanced NSCLC without driver mutations. Several preclinical studies indicated that bisphosphonates could induce tumor cells apoptosis, inhibit tumor cell invasion and metastasis, affect immune microenvironment and therefore have antitumor effects in a variety of tumors, including NSCLC 18, 19, 21, 22 . While in clinical setting, a recent randomized phase II study failed to show the ability of zoledronic acid to augment the cytotoxic effects of the combination of docetaxel/carboplatin and to delay disease progression in patients with inoperable stage IIIB or IV NSCLC 23 . Another phase II trial also demonstrated that the combination of bisphosphonates and docetaxel had a similar survival when compared with docetaxel alone in advanced NSCLC patients with BM 24 . Consistent with these results, our study demonstrated that chemotherapy plus bisphosphonates had a similar PFS and OS than chemotherapy alone, which suggest that bisphosphonates might not have a synthetic antitumor effect when combining with chemotherapy.
Comprehensive understanding the process of BM formation could help to develop potential novel therapeutic compounds for BM. Bone metastasis is a continuous and complicated process and several features of the bone marrow microenvironment involve, including interaction with osteoclasts and osteoblasts promoting bone degradation releasing extracellular matrix (ECM) bound growth factors, which could also promote the development of lung cancer micrometastases 25, 26 . As a sequence, bone destruction and metastatic outgrowth, in another word "vicious cycle", will continuously happen. One of the key factor to this vicious cycle is the RANKL 27 . Recently, a phase III trial demonstrated that denosumab (RANKL antibody) could prolong OS versus zoledronic acid in patients with NSCLC and BM 13 . RANKL's major downstream target of is nuclear factor-kappa B, which is the downstream signaling pathway of EGFR 8, 28 . Herein, it is worthwhile to explore whether EGFR-TKIs combined with RANKL target agents could also have a synergistic effect in patients with EGFR mutant NSCLC and BM. In addition, it was found that cellular and innate immunity in tumor microenvironment (TME) play pivotal roles in the modulation of BM 25 . For example, infiltration of myeloid derived suppressor cells (MDSC) could further stimulate tumor-induced osteolysis 29 . The role of other components in TME such as CD8 + T cells, regulatory T cells (Treg), programmed death 1 (PD-1), PD-L1 and etc. need to be further investigated to help guiding the application of immunotherapy in patients with NSCLC and BM.
Our study has several limitations that should be acknowledged. Firstly, despite the fact that the initial population was large, the number of patients who entered the final analysis was relatively small. Therefore, the findings in this study need to be further validated in prospective trials with large scale. Secondly, this study is a retrospective study, which will inevitably have selection bias. Due to the side effects of bisphosphonates, it was not recommended to some patients with renal dysfunction or dental diseases. Thirdly, all of patients in this study received the third-generation bisphosphonates (zoledronic acid and ibandronic acid). Therefore, whether other bisphosphonates could improve patient's survival combined with EGFR-TKIs needs further investigation.
In conclusion, this study demonstrated that EGFR mutation was a significant independent prognostic factor for OS in patients with advanced NSCLC and BM. The addition of bisphosphonates to EGFR-TKIs could enhance the antitumor effect of EGFR-TKIs in patients with EGFR mutant NSCLC and BM, which suggested that third generation of bisphosphonates should be recommended in patients with advanced EGFR mutant NSCLC and BM who received EGFR-TKIs as the first-line setting. 30 , number of BM, sites of extra-bone metastasis, EGFR mutation status, time of BM diagnosis, and SREs were all collected. A never smoker was defined as a person who had smoked less than 100 cigarettes during his lifetime. Smoking status, ECOG PS and age were documented at the time of diagnosis. Thoracic Cancer Institute, Tongji University School of Medicine established requirements for clinical information on patient follow-up under treatment, including response to treatment and survival. EGFR common mutations were defined as mutations including exon 19 deletion (19DEL) and Leu858Arg point mutation in exon 21 (L858R). EGFR rare mutations were those mutations other than 19DEL and L858R. This study was approved by the ethics committee of Shanghai Pulmonary Hospital and Henan Cancer Hospital. We confirm that all methods were performed in accordance with the relevant guidelines and regulations. The written informed consent was obtained from each participant to use the clinical data for research before the medical intervention started.
Patients and methods.

Molecular analysis.
All mutational analyses were performed at the Thoracic Cancer Institute, Tongji University Medical School, Shanghai. Briefly, DNA from tissue was extracted using the DNeasy Blood and Tissue Kit or the QIAamp DNA FFPE Tissue Kit (both from Qiagen, Hilden, Germany). EGFR mutations were tested by amplification refractory mutation system (ARMS) as described in our previous studies (Amoy Diagnostics Co. Ltd., Xiamen, China) [31] [32] [33] [34] [35] .
Treatment and assessments. The EGFR-TKIs used in this study included gefitinib (250 mg, once a day), erlotinib (150 mg, once a day) and icotinib (125 mg, three times a day). Pemetrexed (500 mg/m 2 ), vinorebine (25 mg/m 2 ; days 1 and 8) or gemcitabine (1000 mg/m 2 ; days 1 and 8) was administered in combination with platinum-based chemotherapy every 3 weeks for 4-6 cycles until progressive disease (PD) or unacceptable toxic effect. Patients achieving complete response (CR), partial response (PR), stable disease (SD) would receive maintenance therapy. The decision whether to start bisphosphonates in NSCLC patients with BM were at the discretion of the treating physician. Zoledronic acid (4 mg) and ibandronic acid (6 mg) were administrated every 3-4 weeks according to the guidelines up to 2 years or until unacceptable toxic effect 36, 37 . Bisphosphonates were concomitantly used with EGFR-TKIs or intravenously the other day of chemotherapy administration to avoid the simultaneously renal impairment. Tumor response was evaluated according to the Response Evaluation Criteria in Solid Tumors (RECIST) version 1.1, including CR, PR, SD or PD. The treatment response was evaluated one month after the initiation of therapy and then every 2 months.
Statistical analysis. The categorical variables were compared using chi-square tests, or Fisher's exact tests when needed. The continuous variable was analyzed by ANOVA and Tukey's multiple comparison tests. Kaplan-Meier curve and two-sided log-rank test were used for univariate survival analyses. Cox proportional hazards model was used for uni-and multivariate survival analyses to calculate the hazard ratios (HR) and corresponding 95% confidence intervals (CI). OS was calculated from the date of lung cancer diagnosis to death from any cause or was censored at the last follow-up date. PFS was defined as the time from the date of first-line treatment initiation to the date of systemic progression or death and was censored at the date of last tumor assessment (when carried out). Disease progression was defined in accordance with the RECIST version 1.1. P values were two-sided and considered significant if less than 0.05. All statistical analyses were performed using the SPSS statistical software, version 20.0 (SPSS Inc., Chicago, IL, USA).
